A procedure is described for preparing intact mitochondria from leaves of Sedwm praeakum D.C., a plant showing Crassulacean acid metabolism.
rotenone inhibition. Antimycin A completely inhibited the oxidation of both NADH and NADPH. The oxidation of isocitrate, malate, succinate, and a-ketoglutarate was partially inhibited by antimycin A and cyanide. Overall rates of substrate oxidation were slow on a protein basis, but purification of the mitochondrial preparations on a linear sucrose gradient removed a large amount of nonmitochondrial protein. The original mitochondrial preparations contained little glycolate oxidase activity, and most of this activity was removed by the sucrose gradient. tions were still contaminated by large amounts of Chl (approximately 40%o of the protein in the mitochondrial pellet was of chloroplast origin) and peroxisomes, as indicated in electron micrographs and by high levels of glycolate oxidase activity (10) .
Woo and Osmond (29) reported the isolation of bundle sheath mitochondria from NAD-malic enzyme type C4 plants which decarboxylated glycine, although no oxidative data were given. The isolation of functional chloroplasts and mitochondria from CAM plants has two major problems in that large amounts of phenolic substances are normally found in succulent leaves and high concentrations of organic acids are associated with CAM plants.
In this paper we describe the isolation of tightly coupled mitochondria from the leaves of the CAM plant Sedumpraealtum with the help of high concentrations of buffer and PVP-40 in the grinding medium and the use of leaf material detached from plants several hours into the light period when the level of organic acids had dropped. The mitochondrial preparations contained little glycolate oxidase activity (a peroxisomal marker) or Chl.
Leaf mitochondria from plants exhibiting different pathways of carbon assimilation (C3, C4, and CAM2) are of interest in relation to photorespiratory metabolism (mitochondrial decarboxylation of glycine) and capacity for malate decarboxylation (through NAD-malic enzyme). A prerequisite for comparative studies is the isolation of functional mitochondria from species representing the three groups.
Although tightly coupled mitochondria have been isolated from etiolated and storage tissues ( 12, 24) , there have been few instances of the isolation of such mitochondria from the leaves of higher plants. Mitochondrial preparations from spinach leaves (C3) (15) and from tobacco (C3) (2, 3) exhibited low rates of glycine decarboxylation and no respiratory control. Woo and Osmond (28) also isolated spinach leaf mitochondria but these exhibited poor respiratory control and low ADP/O ratios. More recently, Douce and associates (10, 21) (17) . The 02 concentration in air-saturated medium was taken as 240 pm (11) .
Glycolate oxidase was assayed as described by Jackson et al (13) . Cyt oxidase was measured polarographically in I ml of standard reaction medium containing 0.05 mm Cyt c, 10 mm ascorbate, and 5 mm TMPD.
Protein was measured by the method of Lowry et aL (19) and ADP/0 ratios according to Chance and Williams (5). Chl was determined in 80%o acetone by the method of Arnon (1). The amount of mitochondrial protein was corrected for the contribution of broken thylakoids by assuming a protein to Chl ratio of 7 in broken thylakoids (18) . RESULTS Table I compares the degree of contamination by Chl and peroxisomes of conventional washed mitochondrial preparations and purified (by centrifugation through a linear sucrose gradient) preparations obtained from the leaves of S. praealtum. The washed mitochondrial preparation contained little Chl (approximately 1.7% of the protein in the preparation w-as of Chl origin), low levels of both Cyt c oxidase activity (on a protein basis) and glycolate oxidase activity (compare with 82 nmol 02 min-1 mg-' protein in spinach preparations; 10). In comparing the leaf homogenate and the washed mitochondrial preparation, there was an approximate 20-fold increase in the ratio of Cyt c oxidase activity to glycolate oxidase activity and a 15-fold increase in the activity of Cyt c oxidase/,ug Chl indicating substantial removal of chloroplasts and peroxisomes from the mitochondrial fraction. Gradient-purified mitochondrial preparations contained more Chl than the washed mitochondrial preparation, although still only constituting 12.5% of total protein, Cyt c oxidase activity was higher and glycolate oxidase activity lower. The removal of peroxisomal and other nonmitochondrial protein by the gradient is reflected in the change of the ratio of Cyt c oxidase activity to glycolate oxidase activity.
AND DISCUSSION
The removal of nonmitochondrial protein from the washed preparation by the sucrose gradient is revealed in Table II where the rates of oxidation of NADH, NADPH, and malate are all higher in the purified preparation than in the washed preparations (all rates on a protein basis). Some degree of respiratory control was lost through purification for all three substrates, presumably because of the time involved in centrifugation and the osmotic stress the organelles suffered. Day and Hanson (7) reported a similar partial loss of control in gradient purified corn mitochondria compared with "cushion" mitochondria (ie. mitochondria centrifuged through a 0.6 M sucrose cushion in the second high speed centrifugation).
Malate, NADH, NADPH, and succinate are all readily oxidized by S. praealtum leaf mitochondria (washed) (Fig. 1) . Respiratory control values and ADP/O ratios for malate, NADH, and succinate are all comparable with values obtained with mitochondria isolated from both nongreen and green tissue (10, 12) .
The oxidation of malate, succinate, and NADH by S. praealtum leaf mitochondria suggests that the electron transfer chain, the presence of an NADH dehydrogenase located on the outside of the inner mitochondrial membrane, and the sites of energy conservation are all similar to those previously reported for other plant mitochondria.
ADP/O ratios observed with malate are greater than 2 ( Fig. 1 ), indicating that all three phosphorylation sites are utilized. NADH, NADPH, and succinate oxidation all gave ADP/O ratios of less than 2 (1.2-1.7) indicating that only two coupling sites are utilized. These values are similar to those observed in tightly coupled mitochondria isolated from nongreen and green tissue (10, 12, 16) .
It is particularly interesting that S. praealtum leaf mitochondria oxidize NADPH (Fig. 1) . Koeppe and Miller (16) showed that corn mitochondria oxidize NADPH at approximately half the rate they oxidize NADH. S. praealtum leaf mitochondria, however, oxidized NADPH and NADH at similar rates (Fig. 1) . The respiratory control values obtained with NADPH as substrate were good (Table II and Fig. 1 ), whereas corn mitochondria exhibited control values a great deal lower (16) .
The oxidation of NADH and NADPH by S. praealtum leaf mitochondria was totally resistant to inhibition by rotenone (data not shown), which like piericidin A, inhibits the oxidation of endogenous NADH but has no effect on the oxidation of exogenous NADH (6, 12, 24) . The oxidation of NADH and NADPH by these mitochondria was totally inhibited by the addition of antimycin A (Fig. 1) . NADH and NADPH oxidation by corn mitochondria revealed the same resistance to rotenone inhibition and sensitivity to antimycin A inhibition (16) .
From their studies, Koeppe and Miller (16) concluded that corn mitochondria possess a flavoprotein located on the outer face of the inner mitochondrial membrane, specific for the oxidation of NADPH. It appears that S. praealtum leaf mitochondria also Although the oxidation of both NADH and NADPH by S. praealtum leaf mitochondria was completely inhibited by antimycin, both malate and succinate oxidation were only partially inhibited by antimycin and cyanide (Fig. 1) . Addition of SHAM, an inhibitor of the alternative respiratory pathway in plant mitochondria (25) , strongly inhibited this residual respiration.
S. praealtum leaf mitochondria oxidized other Krebs cycle intermediates such as a-ketoglutarate, pyruvate, and isocitrate (Fig. 2) . Rates of oxidation of these intermediates were lower than the rates of oxidation of both malate and NADH (see Fig. 1 ). Spinach leaf mitochondria also oxidized a-ketoglutarate and pyruvate at lower rates than they oxidized malate (10) .
The effects of rotenone and NAD on malate oxidation by S. praealtum leaf mitochondria are shown in Figure 3 . Retenone only partially inhibited malate oxidation and addition of NAD to the rotenone-resistant rate did not stimulate 02 uptake (cf. 4, 9) .
Malate oxidation by S. praealtum leaf mitochondria in the presence of rotenone exhibited ADP/O ratios of 1.7 (i.e. less than 2; Fig. 3 ), indicating the presence of a nonphosphorylating rotenone bypass similar to that reported by Brunton and Palmer (4) in wheat mitochondria.
Previous results with spinach mitochondria (10) revealed that the absence of such a substantial rotenone-resistant bypass and may be indicative of inherent functional differences between CAM and C3 leaf mitochondria.
The fact that S. praealtum leaf mitochondria possess a substantial rotenone-resistant bypass for the oxidation of endogenous NADH (Fig. 3 ) might explain the slightly low ADP/O ratio obtained with malate (Fig. 1 , compare with spinach mitochondria; 10), since the bypass may function even in the absence of rotenone.
Neuberger and Douce (22) reported that potato mitochondria possess a NAD translocator on the inner membrane. Translocation of NAD into the mitochondrial matrix results in a stimulation of the NAD-malic enzyme located there (20) . The oxidation of malate by S. praealtum leaf mitochondria does not appear to respond in the same way to exogenous NAD addition. Glycine oxidation by S. praealtum leaf mitochondria was extremely slow (6 nmol O2 min-1 mg-' protein compared to 25 nmol 02 min-' mg-1 protein with malate as substrate with the same washed mitochondria preparation). Purified mitochondrial preparations exhibited no detectable glycine oxidation, presumably because the glycine decarboxylase enzyme is very labile, becoming rapidly inactive in dilute solution (21) and the purification procedure was lengthy. It may be that we obtained such low rates of glycine oxidation either because our preparations inherently lacked the large scale capacity to oxidize this substrate or they lost the ability with time through enzyme deactivation. The respiratory control and ADP/O ratios comparable to those observed with mitochondria from nongreen and green tissue (10, 12, 27) .
S. praealtum leaf mitochondria possess a substantial rotenoneresistant bypass for the oxidation of endogenous NADH which is nonphosphorylating. This is in contrast to the position in spinach mitochondria where Douce et al. (10) found that glycine oxidation was inhibited 75% by the addition of rotenone. The bypass activity in spinach mitochondria was also nonphosphorylating.
S. praealtum leaf mitochondria oxidize NADPH with good respiratory control and ADP/O ratios similar to those obtained with NADH as substrate. S. praealtum possesses an NADP-malic enzyme apparently located in the cytoplasm (26) (23) . There is also ultrastructural evidence of leaf peroxisomes (14) and evidence for a glycine decarboxylating system in CAM leaf mitochondria (K. C. Woo, unpublished). The capacity of isolated mitochondria from S. praealtum to respire glycine in the presence of ADP is low, although the in vivo capacity of the glycolate pathway in this species is uncertain.
